ABSTRACT Motivation: Phylogenetic networks are becoming an important tool in molecular evolution, as the evolutionary role of reticulate events, such as hybridization, horizontal gene transfer and recombination, is becoming more evident, and as the available data is dramatically increasing in quantity and quality. Results: This paper addresses the problem of computing a most parsimonious recombination network for an alignment of binary sequences that are assumed to have arisen under the 'infinite sites' model of evolution with recombinations. Using the concept of a splits network as the underlying datastructure, this paper shows how a recent method designed for the computation of hybridization networks can be extended to also compute recombination networks. A robust implementation of the approach is provided and is illustrated using a number of real biological datasets. Availability: Our implementation of this approach is freely available as part of the SplitsTree4 software, downloadable from www. splitstree.org Contact: huson@informatik.uni-tuebingen.de
INTRODUCTION
Phylogenetic networks are becoming an important tool in molecular evolution, (Doolittle, 1999; Linder et al., 2004; Huson, 2005) , as the evolutionary role of reticulate events, such as hybridization, horizontal gene transfer and recombination, is becoming more evident, and as the available data is dramatically increasing in quantity and quality. This is currently a very active area of research [Bandelt et al., 1995; Hein, 1990 Hein, , 1993 Huson, 1998; Posada and Crandall, 2001; Schierup and Hein, 2000; Wang et al., 2001; Makarenkov, 2001; Bryant and Moulton, 2002; Gusfield et al., 2003 Gusfield et al., , 2004 Nakhleh et al., 2004; Hallett et al., 2004; Gusfield and Bansal, 2005; Huson, D.H. and Bryant, D. 2005 (Software available from www.splitstree.org; manuscript in preparation)].
A phylogenetic network is any graph that describes evolutionary data ( Fig. 1) . Our research is focused on understanding the connections between 'phylogenetic trees', 'splits networks' and 'reticulate networks' that explicitly model reticulate events, such as hybridization and recombination. We aim to exploit these connections to obtain algorithms and implementations for computing different types of phylogenetic networks from biological datasets.
In a recent paper , we studied some of the fundamental connections between the different types of networks and presented an algorithm that takes as input a set of gene trees and produces one or more possible hybridization networks that can explain the given data. * To whom correspondence should be addressed. Phylogenetic trees Fig. 1 . The term phylogenetic network encompasses a number of different concepts, including phylogenetic trees, splits networks, and reticulate networks, the latter concept covering both hybridization and recombination networks.
The goal of this paper is to present a new approach to computing recombination networks from binary sequences and to provide a robust implementation of the approach that can be applied to real biological data.
We would like to emphasize that our implementation produces a visualization of the computed network, which includes a labeling of all nodes by corresponding sequences, and all edges by mutations and recombinations. To facilitate interactive data exploration, we provide dialogs for including or excluding individual taxa or sites from the analysis, and the ability to switch between the inferred reticulate network and the underlying splits network. Moreover, all inferred networks can be viewed, not just the optimal one. Other approaches currently do not provide a visualization of the computed networks (Gusfield et al., 2004; Gusfield and Bansal, 2005; Nakhleh et al., 2004) . Our implementation of our approach is freely available as a part of the SplitsTree4 software.
In Section 2 we define splits and splits networks. We then describe the general concept of a reticulate network in Section 3. We briefly consider hybridization networks in Section 4, before focusing on recombination networks in Section 5. In Section 6 we present our algorithm for computing recombination networks and, finally, we illustrate its application on a number of different datasets in Section 7.
of degree 1 or an internal node of degree ≥3, together with a node labeling ν : X → V such that every leaf of T obtains a unique label (Semple and Steel, 2003) . Additionally, we may designate one of the taxa o ∈ X to be an outgroup and then consider the tree to be 'rooted' at the midpoint ρ of the pendant edge leading to ν(o), in the usual sense. We choose to define the root in this indirect way because our approach is based on the concept of splits, i.e. bipartitionings of the taxon set X, for which it is awkward to specify a root node explicitly.
As the names suggests, an outgroup can consist of more than one taxa. In this case, rooting can be performed similar to above, as long as the tree contains some branch that separates exactly the outgroup taxa from all other taxa.
Suppose we are given a set of taxa X. A split (or, more precisely, X-split) is a bipartitioning of X into two non-empty sets A and B,
For a given X-tree T , deletion of any single edge e will produce a graph with exactly two connected components and this defines a split σ T (e) = A B , given by the two sets of taxa labeling the two components (Bandelt and Dress, 1992) . The set of all splits obtainable in this way is called the splits encoding (T ) of T . For a given set H of X-trees,
Two distinct X-splits S = A connected component C of IG( ) is called trivial, if it contains only one node. Let C be a non-trivial component of IG( ). We say that two taxa x, y ∈ X are C-equivalent, if for every split S = A B in C we have {x, y} ⊆ A or {x, y} ⊆ B. We will use X| C to denote the set of taxa induced by C, i.e. the set of C-equivalence classes in X. Similarly, we will use | C to denote the corresponding set of X| C -splits induced by C, obtained by considering all splits in C and identifying C-equivalent taxa with each other.
A basic result in mathematical phylogeny (Semple and Steel, 2003) states that a set of X-splits is pairwise compatible, if and only if there exists a unique X-tree T with = (T ). In this case we say that T represents . Moreover, an arbitrary set of splits , not necessarily compatible, can also be represented by a graph. Such a splits network (also called splits graph) SN( ) consists of a connected graph (V , E) together with a node labeling ν : X → V and an edge coloring σ : → E, whose essential property is that deleting all edges colored by a given split S = A B ∈ will produce precisely two connected components, one labeled by the taxa in A and the other labeled by the taxa in B (see Dress and Huson, 2004 for details).
Suppose we are given a set of splits . A netted component Z of SN( ) is a maximum set of nodes such that any two nodes v, w ∈ Z are connected by two different node-disjoint paths in SN( ) (in graph-theoretic terminology, a 2-connected component). It is a simple observation that any two splits S, S ∈ are incompatible, if and only if the edges representing S and S are contained in the same netted component (Bandelt and Dress, 1992) . More precisely, there exists a one-to-one correspondence between the netted components of the splits network SN( ) and the non-trivial connected components of the incompatibility graph IG( ). (a, b) , (c, d) ). In (b), the reticulation r 1 is independent of r 2 and r 3 , whereas r 2 and r 3 are not independent of each other, as both are contained in the indicated cycle.
RETICULATE NETWORKS
'Hybridization networks' and 'recombination networks' are both based on the concept of a reticulation network, and, as we will see, the main difference between the two concepts is that a recombination network additionally carries a labeling of its nodes by inferred sequences and its edges by inferred mutation events. Let N be a reticulate network on X with k reticulation nodes r 1 , . . . , r k . For any such node r i , let p i and q i denote the two associated reticulation edges. We can obtain an X-tree from N by removing either of the reticulation edges p i or q i , for each r i ; for an example see Figure 2 .
The set of trees T = T (N) obtainable in this way is called the set of induced trees, or trees that can be sampled from N . Clearly, the number of different trees that can be sampled from a network N with k reticulations is |T (N)| = 2 k . However, 'different' trees may have the same topology and may only differ in their branch lengths (Fig. 3a) .
Two reticulation nodes r i , r j in N are said to be independent of each other, if they are not contained in a common undirected cycle (Fig. 3b) . Additionally, we call r i and r j tangled, if there exists a chain of reticulation cycles C = C 1 , C 2 , . . . , C p = C such that C k and C k+1 are dependent for each i = 1, . . . , p − 1. A reticulation that is independent of all others is called a gall and a network N in which all reticulations are galls is called a galled tree (Gusfield et al., 2003) or, somewhat redundantly, a gt-network or galled-tree-network .
denote the set of all splits induced by N. For any edge e ∈ E, let (e) := {σ T (e) | e is edge of T ∈ T (N)} ⊆ (N) denote the set of all splits induced by e.
There exists a one-to-one relationship between the tangles of a reticulate network N, the connected components of the incompatibility graph IG( (N )) and the netted components of the splits network  SN( (N ) ). This is implied by the following result, which we proved in Huson et al. (2005) ; see also Gusfield and Bansal (2005) : 
HYBRIDIZATION NETWORKS
A hybridization network is a reticulate network N that can 'explain' a given set of trees in terms of hybridization (Maddison, 1997; Hallett and Largergren, 2000; Nakhleh et al., 2004; Huson et al., 2005) . More precisely, given a set of trees T = {T 1 , . . . , T m }, we would like to determine the reticulate network N from which the trees were sampled. This form of the problem is not always solvable, e.g. if some of the 2 k possible trees are missing. Thus, we say that a hybridization network N explains a set of tree T , if it is a solution to the following problem: In full generality, this is known to be a hard problem. as shown in Wang et al. (2001) . Maddison (1997) considered the situation in which the true reticulate network N contains only a single reticulation and observed that an independent reticulation corresponds to a 'subtree prune and regraft' (SPR) operation. He proposed the following algorithm: given two bifurcating trees, compute their SPR distance. If the distance is 0, return a tree, else if the distance is 1, return a network, else, fail. This approach has been generalized to networks with multiple independent reticulations (galled trees) . Unfortunately, on real data, such algorithms will often return 'fail'. One challenge is to produce useful output in the case of imperfect data and we will return to this question below.
In Huson et al. (2005) , we presented a more general method that is not restricted to independent reticulations, but allows reticulations to 'overlap' in a certain way.
RECOMBINATION NETWORKS
In this section we will look at the problem of determining a recombination network that explains a given alignment A of binary sequences that have evolved under a model of mutation-, speciation-and recombination-events. This problem is of interest in population genetics (Hudson, 1983; Hein, 1993; Griffiths and Marjoram, 1996) , where the concept of an ancestor recombination graph was introduced and studied, in particular from a statistical point of view. Our work is focused on understanding the combinatorial aspects. In the following, we make some simplifying assumptions:
(1) All sequences have a common ancestor.
(2) Any position in the alignment A can mutate at most once in the network (known as the 'infinite sites' model) and, optionally, (3) recombinations are always single crossovers.
Condition 1, which is not necessarily true in population studies, is required so that the arising network has a single root node. Condition 2 allows us to interpret every non-constant column in a given alignment A of binary sequences as a split S = A B of the taxon set X, as discussed below. The third condition is not required for our approach, but an additional filter step can be used in our algorithm to return only those solutions that have this property.
Definition 2. Given an alignment A of binary sequences of length n, a recombination network N that explains A is a reticulation network, together with Gusfield et al. (2004):
(1) A labeling β of all nodes by binary sequences of length n, such that the leaves of N are appropriately labeled by A, (2) a corresponding labeling δ of every edge e by those positions that change along e, such that every position appears on at most one tree edge and never on two adjacent reticulation edges and, optionally, (3) a corresponding labeling ρ of each reticulation node r indicating the crossover position for the recombination at r.
In the approach described here, labeling a reticulation node r with a crossover position ρ(r) is redundant, as we can easily infer the possible crossover positions from δ(p) and δ(q). However, if an external method is being used to independently determine an optimal crossover position, then the labeling ρ can be of use.
An example is shown in Figure 4 . Interestingly, the placement of mutations on edges is not uniquely defined (Gusfield et al., 2003) , (Fig. 5) . Faced with a choice, both the algorithm described in Gusfield et al. (2003) and also our algorithm will place such ambiguous mutations outside of the 'reticulation cycle'. Analogous to Problem 1, we would like to solve the following:
Problem 2. (Most Parsimonious Recombination Network Problem) For a given alignment A of binary sequences, determine a recombination network N that explains A and contains a minimum number of reticulation nodes.
If no such network N exists, then A is said to be unresolvable. As above, this problem is hard in general (Wang et al., 2001) , but in the case of independent reticulations, Gusfield and colleagues have developed an algorithm for computing a galled tree from binary sequences (Gusfield et al., 2003; Gusfield and Bansal, 2005) .
In Huson et al. (2005) we presented an algorithm for solving Problem 1 using reticulation networks, in which the reticulations are not necessarily independent, In the following section, we will show how this algorithm can be employed to provide a more general solution to Problem 2, also.
CONSTRUCTING AND DRAWING RECOMBINATION NETWORKS
Based on Theorem 1, we propose to use the following general approach to the computation of reticulation networks :
• Determine the set of all input splits.
• Determine the netted components of the splits network.
• Analyze each netted component C of the network separately.
• If C can be explained locally by a reticulate network N(C), then 'replace' C by N(C).
One attraction of this approach is that each netted component is processed separately and those components that can be explained in terms of a reticulate network are shown as such, whereas any remaining 'unresolvable' component is represented by its unmodified splits network. So, even if the approach fails to explain a component, it still produces a useful result, as illustrated in the examples below.
In the worst case, the size of a splits network SN( ) can be exponential in the number of splits | |. However, the core of our algorithm for determining a reticulate network will only use the incompatibility graph IG( ), which is polynomial in size. The splits network is required only to provide a layout of the resulting network, and for this purpose it is not necessary to construct the full graph, and the 'dimension reduction' technique described in Huson et al. (2004) can be used to ensure a polynomial size and runtime, in practice.
Let X = {x 1 , . . . , x n } be a set of taxa and let A = (a 1 , . . . , a n ) be a corresponding alignment of binary sequences a i = a i1 . . . a im . Any non-constant column i in A gives rise to an X-split {x j | a ji = 0}/{x j | a ji = 1}. Let (A) = {S 1 , . . . , S k } (with k ≤ m) denote the set of all splits that can be obtained in this way. Let σ map each column i of A onto the corresponding split in (A). We say that the splits network SN(A) := SN( (A)) represents A.
In the following, we describe how to define a labeling β of the nodes of SN(A) by binary sequences and a corresponding labeling δ of the edges by mutation positions. These will be used below to provide the corresponding labelings for any recombination network N associated with A.
We obtain a labeling β of all nodes of SN(A) by binary sequences as follows: let v be the node corresponding to some fixed taxon x 1 ∈ X. We set β(v) equal to the input sequence a 1 associated with x 1 . Then we traverse the graph and do the following: let e be an edge that we cross in the traversal, e.g. from node a to b. Assume that a has already been assigned a label β(a) = y 1 · · · y m , whereas b has not been assigned any label. We obtain β(b) = z 1 · · · z m by setting z i = 1 − y i for every column i of A with σ (i) = σ (e), and z i = y i , otherwise.
For any edge e = {a, b}, we define δ(e) as the sequence delta between a and b, i.e. the set of all positions at which the two sequences β(a) and β(b) differ. Note that a splits network SN(A), together with the labelings β and δ, is essentially a 'median network', as defined in (Bandelt et al., 1995) .
Assume that we are given an alignment A of binary sequences of length m, for a set of taxa X = {x 1 , . . . , x n }. The following algorithm computes a recombination network N for A, that may possess unresolved components. (5) Compute the node labeling β for SN(A) and extend it to the computed network N .
(6) For each edge e = {a, b} in N , set δ(e) to the sequence delta between a and b.
We describe step 4b in detail in Huson et al. (2005) . It is performed by analyzing the set of splits | C to determine whether there exists a suitable 'reticulation scenario', i.e. a partitioning of the taxon set X| C = B ∪ R into a set of 'backbone taxa' B and 'reticulate taxa' R, that, together with the induced splits | C , can 'explain' the data. Has a reticulation scenario been found, then in step 4c the corresponding P.lentiscus 01110010100000000111000000010000 P.weinmannifolia 11001110100000010111000000010000 P.chinensis 01011000100000000111001100010000 P.integerrima 01011010100000000111001100010000 P.terebinthus 00011010000000001111101100010000 P.atlantica 01011011000000000111001100010000 P.mexicana 01011110100000010111010000010000 P.texana 01011110100000010111010000010000 P.khinjuk 01011010000000000111001100010000 P.vera 01011010000000000111001100010000 Schinus molle 01011010011111100000000011101111 Fig. 6 . Alignment of binary sequences from a restriction site analysis of a 3.2 kb region of variable chloroplast DNA (Parfitt and Badenes, 1997) .
netted component in SN(A) is modified accordingly, as described in Huson et al. (2005) . Note that the reticulations considered are not necessarily independent, but may overlap in a certain way, as shown in a number of examples below (see Huson et al., 2005 for details) .
To obtain a labeling β for the final network N in step 5, first note that any node in SN(A) that is also present in N can simply keep its label. The algorithm described in Huson et al. (2005) adds some new nodes to the network. However, such a new node u is always connected to three labeled nodes, e.g. a, b, c, and thus its label β(u) can be obtained as the consensus sequence of a, b, c.
EXAMPLES
The following dataset was developed to investigate the phylogeny of the genus Pistacia (Parfitt and Badenes, 1997) . A restriction site analysis of a 3.2 kb region of variable chloroplast DNA gave rise to a binary matrix indicating the presence (0) or absence (1) of a given restriction site, and information on mutations (Fig. 6) .
However, recombination of chloroplast data is considered to be very unlikely, and so any reticulations found for this data will need to be explained by some other mechanism.
Applying our approach and software to this data, we obtain the recombination network shown in Figure 7 . This is a very straightforward dataset that contains one simple reticulation. In this symmetrical situation, the location of the outgroup Schinus molle determines that Pistacia chinensis and Pistacia integerrima occur as the recombinant sequences.
A second example dataset is taken from restriction maps of the rDNA cistron (length ≈ 10 kb) of 12 species of mosquitoes using eight 6-bp recognition restriction enzymes (Kumar et al., 1998) . Of 26 scored sites, 18 were polymorphic among the ingroup taxa, as shown in Figure 8 . This dataset was analyzed using a number of different tree-reconstruction methods with inconclusive results. In Figure 9 , we show the corresponding splits network with edges labeled by the corresponding mutation positions.
Recombination scenarios based on the complete dataset all look problematic (data not shown). However, removal of two taxa Aedes triseriatus and Armigeres subalbatus, by trial-and-error, gives rise to a simpler splits network (Fig. 10) and a possible recombination scenario is shown in Figure 11 . In this scenario, Haemagogus equinus arises by a single-crossover recombination, whereas a second such recombination leads to Aedes albopictus and Aedes flavopictus.
As a third illustration, consider the data presented in Bafna and Bansal (2004) , which was taken from the alcohol dehydrogenase locus from 11 chromosomes of Drosophila melanogaster (Kreitman, 1985) . These data consist of a reduced set of 9 haplotypes typed at Figure 6 produces this recombination network, suggesting that Pistacia chinensis and Pistacia integerrima may be recombinant sequences. (b) Here we display the labeling of the three nodes p, q, r. In this case, it would seem that r can be obtained from p and q via a single crossover. However, as the order of the columns of the input data does not reflect the order of the restriction sites along the molecule, this assertion may be incorrect. Fig. 8 . An alignment of binary sequences obtained from the restriction maps of the rDNA cistron (length ≈ 10 kb) of 12 species of mosquitoes using eight 6-bp recognition restriction enzymes (Kumar et al., 1998). 16 sites (Fig. 12) . This is known to be a very difficult dataset that cannot be explained using a small number of simple crossover events, which can also be seen from the associated splits network shown in Figure 13 . In Figure 14 we show the splits network for 14 columns of data, with columns 2 and 4 removed, by trial-and-error. In Figure 15 we show the corresponding recombination network.
Our final example is taken from Zink et al. (1991) , where 19 restriction endonucleases were used to analyze patterns of cleavage 11 . A possible recombination scenario for the reduced dataset. Note that the two reticulations can both be realized as single crossovers. Note that they are not independent and thus cannot be obtained using methods that are restricted to galled trees, such as reported in Nakhleh et al. (2004) ; Gusfield et al. (2004) . Here, reticulation edges are shown in bold lines.
site variation in the mtDNA of Zonotrichia. The complete dataset of 122 sites contains many incompatible signals, as shown by the splits network in Figure 16 , and our algorithm is unable to infer a reticulation scenario. To reduce the complexity of the dataset, we removed all splits that are supported only by one column in the alignment and thus obtained a much simpler splits network (Fig. 17) . Based on this dataset, our algorithm computes the recombination network shown in Figure 18 . This seems to fit well with the observations stated in Zink et al. (1991 Fig. 12 . A reduced dataset of 9 haplotypes typed at 16 sites, derived from the alcohol dehydrogenase locus from 11 chromosomes of Drosophila melanogaster (Kreitman, 1985) . 
CONCLUSION
Our work demonstrates the close relationship between phylogenetic trees, splits networks, hybridization networks and recombination networks. This can be exploited in the design of algorithms and software for computing such networks from biological data. Based on this, we have implemented a new method for computing recombination networks from binary sequences as a plugin for the program SplitsTree4 and will make this freely available upon publication.
Our treatment of the examples in this paper does not represent a thorough analysis of the datasets. On the contrary, our goal is only to illustrate the use of our new algorithm and software. We envision biologists using this software to analyze their datasets interactively and to explore possible reticulation scenarios.
